Carbamyl phosphate synthetase (from Escherichia coli) consists of a 7.3S protomeric unit that contains one heavy polypeptide chain (molecular weight about 130,000) and one light chain (molecular weight about 42,000). The heavy and light chains were separated by gel filtration in the presence of 1 M potassium thiocyanate. In contrast to the native enzyme and the reconstituted enzyme (prepared by mixing the separated heavy and light chains), the heavy chain does not catalyze glutamine-dependent carbamyl phosphate synthesis, although it does catalyze the synthesis of carbamyl phosphate from ammonia. The heavy chain also catalyzes two of the partial reactions catalyzed by the intact enzyme; i.e., the bicarbonate-dependent cleavage of ATP and the synthesis of ATP from ADP and carbamyl phosphate. Both positive (ammonia, ornithine, IMP) and negative (UMP) allosteric regulatory sites are located on the heavy chain. The only catalytic activity exhibited by the light chain is the hydrolysis of glutamine. A model is presented according to which glutamine binds to the light chain, which is followed by release of nitrogen from the amide group for use by the heavy chain. The findings suggest that glutamine-dependent carbamyl phosphate synthetase (and perhaps other glutamine amidotransferases) arose in the course of evolution by a combination of a primitive ammonia-dependent synthetic enzyme and a glutaminase; this combination may have been associated with a change from ammonia to glutamine as the principal source of nitrogen.
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Carbamyl phosphate, a metabolite of broad biological significance, is required for the biosynthesis of the pyrimidines and of the amino acid arginine. There are two types of carbamyl phosphate synthetases (1) (2) (3) . One of these uses ammonia and requires N-acetylglutamate as a cofactor. The other can use both glutamine and ammonia and does not require N-acetylglutamate; glutamine is thought to be the "natural" substrate because it exhibits a higher affinity for the enzyme. Enzymes of the latter type resemble the other glutamine amidotransferases, which catalyze reactions in which the amide group of glutamine is used for various synthetic purposes; these enzymes can also use ammonia in place of glutamine (4).
The glutamine-dependent carbamyl phosphate synthetase of Escherichia coli is subject to positive and negative feedback control by products of the purine and pyrimidine biosynthetic pathways, respectively (5), as well as by positive regulation by ornithine (6) and ammonia (unpublished Dimethylsuberimidate was synthesized by methanolysis of suberonitrile (8) .
Enzymatic Assays. All assays were performed at 37°C. (a) For measurement of the overall reaction, the final mixture (0.3 ml) contained 20 mM ATP, 20 mM MgCl2,-20 mM NaHCO3, 100 mM KCl, 50 mM Tris HCl (pH 7.8), and either 20 mM L-glutamine or 300 mM NH4Cl. ADP production was measured by the coupled DPNH-lactate dehydrogenase-pyruvate kinase system (7) . (b) Bicarbonate-dependent ATPase was measured under the conditions given in (a), except that the nitrogen source was omitted. (c) The rate of synthesis of ATP from carbamyl phosphate and ADP was determined in reaction mixtures (final volume, 0.3 ml) that contained 40 mM lithium carbamyl phosphate, 100 mM KCl, 20 mM ADP, 20 mM MgCI2, and 100 mM Tris HCl (pH 7.5). The reaction was stopped by adding 0.1 ml of 1 N HCl; after standing at 0°C for 15 min, the solution was neutralized by the addition of 0.1 ml of 1 M Tris. ATP was then measured by adding 0.5 ml of a solution containing 40 mM glucose, 2.5 mg of bovine serum albumin, 2 mM TPN, 100 mM Tris*HCI (pH 7.6), 1.6 units of glucose-6-phosphate dehydrogenase and 1.6 units of hexokinase; the increase in absorbance at 340 nm was determined. (d) The rate of hydrolysis of y-glutamylhydroxamate was determined in reaction mixtures (final volume, 0.3 ml) that contained 5 mM y-glutamylhydroxamate, 10 mM ATP, 10 mM MgCl2, 10 mM NaHCO3, and 50 mM potassium phosphate (pH 7.6). After the reaction was stopped and neutralized as in (c), the amount of glutamate produced was measured by the DPN-glutamate dehydrogenase system (9) . The results agreed with determinations of the disappearance of y-glutamylhydroxamate by the ferric chloride procedure (10) . (e) Glutaminase was assayed by measurement of the formation of glutamate by the DPN-glutamate dehydrogenase system (9) . The final reaction mixture (0.4 ml) contained 20 mM iglutamine, 1.5 mM dithiothreitol, 0.25 mM EDTA, 75 mM potassium phosphate, and 100 mM Tris * HCl (pH 7.7). The reaction was stopped and neutralized as in (c).
Crosslinking. Covalent crosslinkages were introduced into the enzyme by the procedure of Davies and Stark (8) . Ultracentrifugal studies showed that the enzyme is monomeric at 230C in 25 mM Veronal-100 mM NaCl-0.5 mM EDTA (pH 7.8); therefore, these conditions were used for the crosslinking studies.
Gel Electrophoresis. Polyacrylamide gel electrophoresis of the native enzyme was done in a continuous buffer (100 mM Tris-acetate; pH 8.0). Electrophoresis of the protein-SDS complex and estimation of polypeptide-chain molecular weights were performed under conditions similar to those described by Weber and Osborn (11) . Molecular weight of crosslinked carbamyl phosphate synthetase components was estimated by comparison with the multiple bands of Centrifugation. Sedimentation-velocity experiments were performed in a model E analytical ultracentrifuge equipped with the RTIC unit, electronic speed control, and photoelectric scanning system; 30-, 12-, and 3-mm path-length double-sector cells were used; scanning was done at 280 nm. Sedimentation coefficients were measured from the rate of movement of the 50% position of apparent boundaries with time or, when appropriate, by weight-average calculation.
Protein. Protein concentration was determined by the method of Lowry et al. (13) with bovine serum albumin as standard. RESULTS When the enzyme was examined in the analytical ultracentrifuge in Tris-acetate or Veronal -NaCl buffers (pH 7.8), it sedimented as an apparently homogeneous species that did not self-associate (s2o, = 7.3), as judged by the linearity of probability plots [see Markham (14)1, and the linear dependence of sedimentation coefficient on protein concentration (0.1-10 mg/ml). Under these conditions, a single band was observed on acrylamide gel electrophoresis (Fig.  1A) . In the presence of potassium phosphate and a positive allosteric effector (e.g., ornithine, ammonia, IMP), the enzyme self-associated to an oligomer of about 16 S. The subunit symmetry and stoichiometry of the oligomer will be considered in detail in a subsequent communication. Treatment of the monomer with SDS and mercaptoethanol caused dissociation into two nonidentical subunits; acrylamide gel electrophoresis (Fig. 1B) indicated that these exhibit a staining intensity ratio of about 3 to 1. Their respective molecular weights, estimated from appropriate molecular weight markers on split SDS gels, are about 130,000 and 42,000. Treatment of the monomer with 8 M urea, succinic anhydride, or maleic anhydride also caused dissociation. When the monomer was treated with the covalent crosslinking reagent, dimethylsuberimidate (8) , before treatment with sodium dodecyl sulfate, a third component became visible on acrylamide gel electrophoresis; the estimated molecular weight of this component (about 170,000) corresponds to a crosslinked heavy-light subunit (Fig. 1C) . The most straightforward interpretation of this result is that each monomer is composed of one heavy and one light polypeptide chain, a conclusion that is also supported by the molecular weight estimates and staining intensity ratio of the two bands found on SDS-acrylamide gel electrophoresis (Fig. 1B) .
Sedimentation velocity in 1.0 M potassium thiocyanate showed two boundaries, with sedimentation coefficients of 2.9 and 4.8 S (Figs. 2B and 2C) . The absence of a clear plateau region between these two species may reflect, at least in part, a tendency toward association. Upon removal of the salt by dialysis, most of the protein reformed a boundary (Fig. 2D ) that corresponded in sedimentation coefficient to the original enzyme (8o20, = 10.1, Fig. 2A (Fig. 3) .
The catalytic properties of the separated subunits and of the recombined form of the enzyme, prepared by mixing the light and heavy subunits, were compared to those of the original enzyme. As shown in Fig. 4A , neither subunit alone could catalyze detectable glutamine-dependent carbamyl phosphate synthesis. However, upon mixture of the two subunits in about a 4-fold molar excess of light to heavy chain, most of the original activity of the glutamine-dependent synthesis was restored. (The required excess of light chains probably reflects damage to them during prolonged exposure to thiocyanate.) The ATP-HCO3--dependent hydrolysis of -y-glutamylhydroxamate (Fig. 4E ) also required the presence of both polypeptide chains. On the other hand, the heavy subunit alone effectively catalyzed carbamyl phosphate synthesis when ammonia was the nitrogen source (Fig. 4B) §.
The heavy subunit retained the capacity to catalyze bicarbonate-dependent ATP cleavage, as well as the synthesis of ATP from carbamyl phosphate and ADP (Fig. 4C and D) . In contrast, the only activity of the original enzyme associated with the light subunit was glutaminase (Fig. 4F) . § N-Acetyl-L-glutamate did not activate the ammonia-dependent carbamyl phosphate synthetase activity of the heavy subunit.
Proc. Nat. Acad. Sci. USA 68 (1971) .am The effects of the positive effectors ornithine, ammonia, and IMP, and the negative effector, UMP, on the synthesis of ATP from ADP and carbamyl phosphate were demonstrated with the isolated heavy-chain preparations (Fig. 4) ; the binding sites for the effectors seem, therefore, to be located on the heavy polypeptide chain.
DISCUSSION
The present data show that the 7.3S monomer of carbamyl phosphate synthetase can be reversibly dissociated into one heavy and one light subunit. The isolated heavy subunit, which possesses the allosteric regulatory sites, catalyzes carbamyl phosphate synthesis from ammonia, but not from glutamine. It was, therefore, not unexpected to find that this chain could also catalyze the two partial reactions that seem to reflect steps in the mechanism of synthesis: (i) the HCO3--dependent ATP cleavage, which is related to CO2 activation, and (ii) the synthesis of ATP from ADP and carbamyl phosphate, which represents a partial reversal of the forward reaction (phosphorylation of enzyme-bound carbamate). The glutaminase activity of the light subunit supports the postulate that the glutamine-binding site, as well as the nucleophile that presumably attacks the amide group of glutamine, are located on the light chain. Studies in this laboratory with a "4C-labeled glutamine analog, L-2-amino-4-oxo-5-chloropentanoic acid (15) , suggest that this attacking group may be a sulfhydryl, since the chloroketone becomes covalently linked to a cysteine residue on the light subunit (Pinkus, L., and A. Meister, unpublished data). This result is consistent with the observation that the addition of light subunit to heavy subunit conferred (a) the capacity to use glutamine for carbamyl phosphate production, and (b) the ability to hydrolyze y-glutamylhydroxamate. Maximal activity of the hydrolysis reaction is dependent on the activation of CO2 (7); this result further demonstrates the close coupling of the functions of the two chains.
These data support the schematic model shown in Fig. 5 ; direct binding studies to support the location of the various substrates and effectors are currently in progress.
It is interesting to note that in Bacillus subtili8, a single mutational event leads to a decrease of both the glutaminedependent carbamyl phosphate synthetase and carbamate kinase activities (16) . This result may be integrated with the present findings if it is assumed that the carbamate kinase activity is catalyzed by the heavy chain of carbamyl phosphate synthetase, and if the heavy chain is synthesized in this organism in excess of the light chain. The glutamine-dependent carbamyl phosphate synthetase of Neurospora crassa, which is involved in arginine biosynthesis, also has two polypeptide chains, which are controlled by the genetic loci arg-2 and arg-3 (17, 18) . A mutation at the arg-2 locus resulted in a synthetase that could function with ammonia, but not with glutamine. It would be interesting to learn whether the arg-3 and arg-2 loci code, respectively, for subunits analogous to the heavy and light subunits studied here.
It seems possible that the glutamine-dependent carbamyl phosphate synthetases may have evolved by addition of a second polypeptide chain, whose appearance was associated with the replacement of ammonia by glutamine as the principal nitrogen source for the organism. Similar hypotheses have been considered in relation to the anthranilate synthetase-phosphoribosyl transferase complex (19, 20) . The enzymatic synthesis of p-aminobenzoate from iglutamine and chorismate also appears to require two polypeptide chains (21) . If, indeed, the utilization of glutamine for carbamyl phosphate synthesis and other metabolic functions developed at about the same time, one might expect to find considerable structural similarity between the "glutaminebinding" polypeptide chains of the various glutamine amidotransferases.
